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Introduction
Mycotoxins are of great worldwide concern due to their toxic effects on human and animal health. The main agriculturally-important fungal toxins are aflatoxins (AFs), ochratoxin A (OTA), trichothecenes (TRs), fumonisins (FMs) and zearalenone (ZEA) (Miller, 1995) . These toxins are mainly produced by fungal species belonging to the genus Aspergillus, Penicillium and Fusarium. While Fusarium species are destructive plant pathogens producing mycotoxins before, or immediately post harvesting, Penicillium species are more commonly found as contaminants of commodities and foods during drying and subsequent storage. Aspergillus species are commensal organisms that can produce mycotoxins in the field or during drying and storage.
Aflatoxins are produced mainly by Aspergillus flavus in tropical and subtropical areas, whereas OTA is produced by Penicillium verrucosum, in temperate climates, and by Aspergillus ochraceus and related species in warmer climates (Pitt, 2006) . Zearalenone is produced by F. graminearum in moist-warm continental climates, and by F. culmorum, in maritime and cooler European areas (Pitt, 2006) .
Aflatoxins are the most toxic compounds produced by fungi, considered to be both genotoxic and carcinogenic (EFSA, 2007) . Aflatoxins were found to cause carcinomas in human liver and therefore, have been classified in group 1 (carcinogenic to humans) However, there is no evidence regarding its carcinogenicity in humans; therefore, it has been classified in group 2B (possibly carcinogenic to humans) by the IARC (International Agency for Research on Cancer (IARC), 1993). Zearalenone is a nonsteroidal estrogenic compound which has been associated with problems of early menarche. It has been classified in group 3 (non classifiable as to its carcinogenicity to humans) by the IARC (International Agency for Research on Cancer (IARC), 1993).
Cereals represent the main OTA and ZEA sources of human intake (Gareis et al., 2003 , Miraglia & Brera, 2002 . Among cereal grains, AFs and ZEA mainly appear in corn (EFSA, 2004; EFSA, 2007) , whereas barley has a particularly high likelihood of OTA contamination (Bennett & Klich, 2003) . Over the past few years, there has been emerging evidence of potential aflatoxin contamination of feed materials grown in areas of southern Europe, where a subtropical climate and extensive agricultural practice favor fungal growth and the subsequent formation of aflatoxins (EFSA, 2007) .
Due to the serious effects that mycotoxins can have on humans and animals, many countries have implemented regulations on mycotoxins in food and feed to protect human and animal health as well as the economical interest of producers and traders.
The European Commission has established maximum permitted levels for mycotoxins of major concern in unprocessed cereals other than maize, with 2 µg kg -1 being the maximum permitted level for AFB1 and 4 µg kg -1 for the sum of AFB1, AFG1, AFB2 and AFG2; 5 µg kg -1 for OTA and 100 µg kg -1 for ZEA (European Commission, 2006 Jiménez, 2006) . Therefore, the simultaneous occurrence of AFs, OTA and ZEA could be possible in cereals from this country.
In this research work, the simultaneous occurrence of AFs, OTA and ZEA in 123 barley samples collected in Navarra (a northern region of Spain) was analyzed. Different factors which could affect the production of these toxins, such as year and place of harvest, type of farming (organic or traditional), and variety of barley, were studied.
Materials and methods

Chemicals and reagents
Aflatoxins, ochratoxin A and zearalenone dissolved in acetonitrile were purchased from be divided into four climatic areas and seven zones (see figure 1 ). The climate in the northwestern area is temperate maritime warm, with an annual rainfall of 1100 -2500 L/m 2 and an average annual temperature of 8.5 -14.5ºC. The annual mean rainfall in the Pyrenees area ranges from 2200 to 700 L/m 2 , and the mean temperature is between 7 and 15ºC. The central area of Navarra, formed by Pamplona, Tierra Estella and Navarra Media zones, is characterized by a Mediterranean climate (annual mean rainfall: 1100 -450 L/m 2 ; annual mean temperature: 11 -14ºC). The southern area of Navarra (Ribera Alta and Tudela zones) is the driest area of Navarra (annual mean rainfall lower than 500 L/m 2 ) and the average annual temperature is 14ºC.
Barley samples were collected from six climatic zones during two years of harvest (2007 and 2008) and from more than a dozen varieties. In addition, some of the samples were from organic farms. Due to the climatic conditions in Navarra, the moisture content of the samples was ≤ 15% upon arrival at the laboratory. The samples were then stored at 4ºC until analysis.
Analysis of mycotoxins
Extraction, purification and analysis of the samples were carried out as previously described in Ibáñez-Vea, Corcuera, Remiro, Murillo-Arbizu, González-Peñas & Lizarraga (2011) . In brief, ten grams of milled sample were extracted with a mixture of acetonitrile-water (60:40, v/v) for 30 min. The extract was filtered by gravity and then 10 mL of the filtrate were mixed with 40 mL of PBS. The mixture was centrifuged and 15 mL of the supernatant were passed through an immunoaffinity column AOZ (Vicam) pre-conditioned with water and PBS. After the sample had passed through the column, the column was washed with PBS and water. The column was dried with air. After having maintained acetonitrile and the antibodies in contact with each other for 5 min, the mycotoxins were eluted with 3 mL of acetonitrile. The extract was evaporated to dryness in an evaporator (GeneVac) and the residue was redissolved in 150 µL of mobile phase. The sample was maintained at 4ºC in the chromatograph tray until its analysis.
The samples were analyzed in a 1200 rapid resolution liquid chromatographic system equipped with a fluorescence detector (Agilent Technologies). Separation was achieved using an Ascentis Express C18 column (150 mm x 2.1 mm; 2.7 µm). The injection volume was 30 µL and the flow rate was 0.9 mL min 
Confirmation
The presence of mycotoxins was confirmed in 10% of the samples using an Agilent
Technologies 1200 liquid chromatographic system coupled to a MSD Trap XCT Plus mass spectrometry (G2447A model) equipped with an electrospray ionization interface (ESI). Mycotoxin analysis was performed using an Ascentis Express C18 column (150 mm x 2.1 mm; 2.7 µm) from Supelco, at 55ºC and with a linear gradient of methanol (A) and water (B), both of which contained 0.1% formic acid and 5 mM ammonium formate. The initial gradient condition was 40% A and 60% B, changing linearly to 80% A and 20% B in 11 min. The column was re-equilibrated for 4 minutes.
The injection volume was 20 µL and the flow rate was 0.3 mL min -1 .
The mass spectrometer was operated in positive ion mode. Ionization and spectrometric settings were optimized infusing the separate mycotoxin solutions (2 -0.5 µg mL -1 ) at a flow rate of 5 µL min -1 via a syringe pump. Data acquisition was performed working in multiple reaction monitoring (MRM) mode using the [M+H] + ions.
Statistical analysis
The SPSS 15.0 program was used for statistical analysis. The study took into account the levels between the LOD and LOQ; in the case of obtaining a value lower than the LOD, half of the LOD value was used. This forced us to use non-parametric statistical methods.
Nonparametric Mann-Whitney U test or Median test for two independent samples, and Kruskal-Wallis test or Median test for k independent samples, were used to evaluate possible level differences among groups of samples, after having evaluated the homogeneity of variances with the Levene's test. In addition, contingency test was used for evaluating the possible differences between the incidences of each mycotoxin within the different groups of samples. The correlation between the levels of two toxins was verified using Spearman's Rank Correlation test. A probability value of 0.05 was used to determine statistical significance.
Results
Incidence of mycotoxins
Results obtained from the analysis of AFB1, AFB2, AFG1, AFG2, ZEA and OTA in 123 barley samples are summarized in table 1. One hundred percent of the samples presented detectable levels of AFB1, although both the mean and the median values obtained were less than the limit of quantification of the method. For the other aflatoxins, the incidence and the contamination rates were very low. Zearalenone and OTA occurred in a 39 and 58% of the samples, respectively, with mean values of the positive samples being very low. In fact, the maximum levels found for all the mycotoxins that were analyzed were far below the maximum permitted limits established by the European Union (European Commission, 2006) . Between 0.8 and 3.3% of the samples showed mycotoxin values higher than the limits of quantification.
The presence of AFB1 was the only exception as this mycotoxin was found in 32% of the samples, with levels ranging between 0.15 and 0.34 µg kg -1 .
Co-occurrence of mycotoxins
The results indicated that 80% of the samples presented two or more mycotoxins. Traditional samples were also classified according to their geographic origin. Only samples from the zones of Tudela, Ribera Alta, Navarra Media and Tierra Estella were included in the statistical study because those collected from Pamplona and the
Pyrenees were too few in number. With regard to the AFs, the differences found between the zones were minimal (see table 3), except in the case of AFG1, for which significant differences were observed between Tudela and the rest of the zones. Tudela was the area with the highest incidence (57%) and levels of ZEA. Tierra Estella had the highest level and incidence (81%) of OTA, showing significant differences when compared to the other zones.
In 2007 and 2008, the most cultivated varieties of barley in Navarra were Hispanic, Pewter and Naturel. The Kruskal-Wallis test showed no significant differences between varieties. However, the results of the traditional samples showed that the greatest differences in incidence were for AFG1, AFG2 and OTA (see table 4), while incidence for AFB1, AFB2 and ZEA were similar. Hispanic was the variety with the highest mean levels of AFB1 and Naturel presented the highest mean levels of AFB2, AFG1 and AFG2. Zearalenone presented similar occurrence in the three varieties studied, although
Pewter was the variety with the highest levels of ZEA. On the other hand, OTA contaminated the Pewter variety with a higher incidence than in the Hispanic and Naturel varieties, with Pewter having the highest mean and maximum levels.
In this survey, almost all of the samples were from traditional farming (112), and the organic samples (11) came entirely from the Tudela zone. Upon comparing the Tudela organically-farmed samples with the Tudela traditionally-farmed samples, it was observed that the contamination levels of both AFG1 and ZEA were highest in the traditional samples while the OTA and AFB1 contamination levels were highest in the organic samples. Aflatoxin B2 showed higher prevalence in the traditional samples, although the mean value was less in this type of samples. On the other hand, AFG2
showed a similar mean of positive samples in both types of farming (see table 5 ). The statistical study did not show significant differences between toxin incidence and concentrations between both types of farming, except for the OTA levels.
Discussion
The technical limitations and the chemical diversity of toxins have hindered the development of the study of co-occurrence of mycotoxins in foodstuffs. In fact, there are few studies in the literature, and to the best of author's knowledge, no one evaluate the simultaneous presence of AFs, OTA and/or ZEA in barley. In this survey, the results found for 6 mycotoxins in 123 barley samples from Navarra have been presented.
Eighty percent of the samples presented detectable levels of two or more mycotoxins, and a weak relationship has been observed between AFB2 and AFG2, AFG1 and ZEA, The levels and incidence of OTA in this study are lower than in another survey carried out in Navarra during 2001 harvest (Araguás et al., 2003) . In the latter survey, 65% of the barley samples analyzed were contaminated with OTA, with a mean concentration of 0.20 µg kg -1 . However, in this study, 58% of the samples were contaminated and the mean level found was 0.06 µg kg -1 . This finding suggests that good agricultural practices or climatologically conditions have helped reduce OTA contamination. Just as in the 2001 study, no sample was above the maximum permitted limit set by the EU. In both cases, the mean values obtained are below the mean value (0.30 µg kg -1 ) reported for barley from five countries (Finland, France, Germany, Italy, UK) in the SCOOP (2002) report (Miraglia & Brera, 2002) . In addition, studies from Europe showed higher levels of OTA, although its incidence was less. In Poland, the average frequency of contamination in conventional samples was 4%, with mean levels of 0.3 µg kg -1 (Czerwiecki, Czajkowska & Witkowska-Gwiazdowska, 2002) . In the UK, in one survey, 27% of barley samples were positive with a mean level of 0.69 µg kg -1 (Scudamore, Patel & Breeze, 1999) , whereas in another survey, OTA was present in The production of mycotoxins might be expected to vary from year to year depending on climatic and storage conditions. In this survey, it was observed that mycotoxins produced by pathogens or commensal organisms, which contaminate cereal grains mainly in the field, occur with higher incidence and contamination in the 2008 harvest. With regard to the origin of the samples, the results have shown a tendency of higher AFs and ZEA contamination in southern Navarra (Tudela and Ribera Alta zones), whereas OTA was mainly found in Tierra Estella. These findings suggest that the warm climate, characteristic of the region of Tudela, could favor the infection of the crops with fungi Fusarium, principally responsible for ZEA production, and with Aspergillus species, responsible for AFs production. On the other hand, Aspergillus and Penicillium species producing OTA may be more prone to attack the cereal grains in the region of Tierra Estella, coinciding with a previous survey carried out in 2001 (Araguás et al., 2003) .
Among all of the parameters influencing mycotoxin production, the variety of barley may be a factor to consider in the prevention of mycotoxins. In fact, there are some assays which have been carried out on corn and wheat for evaluating the resistance of the crops to the Fusarium fungi infections. However, in this case significant differences were not found.
There indicate that this mycotoxin occurs more frequently in samples from organic farming (Czerwiecki et al., 1996) . In this study, no significant differences were found between the samples of traditional and organic farming, except for the OTA levels that showed a higher occurrence in organic samples.
Aflatoxin B1 is considered to be a genotoxic and carcinogenic compound. For this toxin, the FAO/WHO Joint Expert Committee on Food Additives (JECFA) and EC Scientific Committee on Food (SCF) recommended that the level of the contaminant in food be reduced so as to be As Low As Reasonably Achievable (ALARA), because it is not possible to identify an intake without risk (EFSA, 2007) . For these reasons, most agencies have not set a TDI for AFB1. However, Kuiper-Goodman established a
Provisional Maximum Tolerable Daily intake (PMTDI) of 1 ng kg -1 bw for adults and children without hepatitis B (Kuiper-Goodman, 1998) . Considering this value and a daily consumption of cereals in Spain of 239 g (Varela, Moreiras, Carbajal & Campo, 1995) , the AFB1 mean intake is very low; however, the maximum ingestion value obtained was higher than the PMTDI proposed by Kuiper-Goodman (see table 1 ). For OTA and ZEA, a tolerable daily intake (TDI) and a temporary-TDI of 5 ng kg -1 bw and 0.2 µg kg -1 , respectively, were established by the SCF (SCF, 1998; SCF, 2000) , whereas the provisional maximum tolerable daily intake (PMTDI) established by JECFA was 14 ng kg -1 bw and 0.5 µg kg -1 bw, respectively (JECFA, 2001) . The values of intake found for the mean levels of OTA and ZEA are low and the risk for the consumers could be assumed as insignificant (see table 1 ). However, if the maximum values found are considered, in the case of OTA, the daily intake is close to the PMTDI proposed by JECFA and higher than the TDI established by SCF, and in the case of ZEA, the calculated intake is below the values set by these two organizations. In any case, these values are overestimated because it has been assumed that the 239 g of cereals consumed every day are from barley.
Conclusions
The analysis of 123 barley samples from Navarra has demonstrated the co-occurrence of aflatoxins, zearalenone and ochratoxin A in this type of matrix, due to the fact that 80%
of the samples were contaminated with more than one mycotoxin. In all of the samples, the maximum levels found for the different mycotoxins were far below the maximum permitted levels established by the EU.
In general, the statistical study has not shown significant differences of mycotoxin incidence in different years of harvest, varieties of barley, types of farming or zones; the same occurs with regard to mycotoxin levels. The absence of statistical differences could be due to the low levels encountered for all mycotoxins in all of the samples.
The calculated values for daily intake found using the mean levels of mycotoxins were low and the risk for the consumers could be assumed to be very low also. However, the co-occurrence of several mycotoxins, and therefore synergic or additive effects, should be taken into account when determining permitted levels or risk assessment. 
